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Monday, February 27, 2012 331aeag domain-containing fragments (N1-135, N1-354) were demonstrated to re-
duce relative outward current, slow deactivation, and slow recovery from inac-
tivation, resulting in channels with properties similar to those measured in wild-
type hERG. The proximal N-terminal region was shown to be involved in
steady-state activation.
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KCNQ1 and hERG encode the voltage-gated Kþ channel a-subunits of the car-
diac repolarizing currents IKs and IKr, respectively. These currents function
in vivo with some redundancy to maintain appropriate action potential dura-
tions (APDs), following the concept of repolarization reserve, and mutations
can manifest clinically as long QT syndrome, arrhythmia, and sudden cardiac
death. Previous work in transgenic rabbit cardiomyocytes and heterologous
cells demonstrated functional downregulation of complementary repolarizing
currents due to direct interactions between hERG and KCNQ1 a-subunits,
which may involve the hERG cyclic nucleotide binding domain (CNBD).
We hypothesize that direct interactions between KCNQ1 and hERG are medi-
ated by their C-termini and are dynamically regulated by physiological stimuli,
specifically intracellular cAMP levels. We created ion channel fusions to GFP
variants, which have been characterized by cellular electrophysiology and fluo-
rescent imaging. Acceptor photobleach FRET (apFRET) was employed in fixed
cells to quantitatively assess the extent of interactions based on fluorophore lo-
cation and to examine the effects of altering cAMP levels. apFRET results
show interactions between a-subunits with the highest FRET efficiency (Ef)
for C-terminally labeled KCNQ1 and hERG (12.0 5 5.2%), similar to intra-
tetramer FRET, only between labeled hERG a-subunits (11.95 5.9%). Acute
treatment for 5 or 30 min. with Forskolin (100mM) þ IBMX (100mM) signif-
icantly and specifically reduced Ef (7.15 7.2% and 7.95 4.3%, respectively,
P < 0.001). Cells expressing a FRET positive control (KCNQ1-CFP-YFP)
showed no change in Ef with treatment (21.4 5 5.1% vs. 20.8 5 5.6%,
P=0.6). This work demonstrates regulated interactions between the C- termini
of KCNQ1 and hERG, members of two distinct potassium channel families,
and future studies will determine whether direct binding of cAMP abrogates
KCNQ1-hERG interactions or if other downstream (PKA-mediated) processes
are involved.
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Evidence has emerged that KCNQ1 and HERG potassium channels can directly
interact when co-expressed in heterologous cells, but the reliance on double
transient transfection in these prior experiments confounds interpretation of
the resultant channel properties. We employed a new, highly stable HERG
cell line to revisit the biophysical and pharmacological properties of
KCNQ1-HERG currents. Whole-cell current was measured at the end of
a 2 s pulse from 80 to þ60 mV and at peak tail current (TC) recorded at
50 mV. The peak current for stable HERG cells at þ50 mV was 5.5 pA/pF
(þ50mV) and TC amplitude was 16.9 pA/pF with activation V½ of 9.351.9
mV (n=12). Transient transfection of stable HERG cells with KCNQ1 (0.3mg
cDNA) generated 14-fold greater current density measured at þ50 mV (76.6
pA/pF) and a 1.5-fold greater TC density (25.3 pA/pF) compared with
HERG alone. Compared to transient expression of KCNQ1 alone, current den-
sity in HERG-KCNQ1 cells was 2.8-fold and 28-fold greater at þ50 mV and
for peak TC, respectively. Gating kinetics more closely resembled KCNQ1
alone as did activation V½ values (HERG, 9.351.9 mV; KCNQ1,
14.551.9 mV; HERG-KCNQ1, 6.850.9 mV). Dofetilide (1mM) and
HMR-1556 (10mM) were used to dissect HERG-KCNQ1 current. KCNQ1 is
blocked by HMR-1556 (100% activation and 70% TC) but is dofetilide-
insensitive. HERG TC is blocked 90% by dofetilide but only 30% by HMR-
1556. HERG-KCNQ1 block was different: HMR-1556 reduced activation by
90% and TC by 70% and dofetilide blocked both activation (50%) and tail-
currents (70%). HMR-1556 sensitive and dofetilide sensitive current compo-
nents differed from KCNQ1 or HERG alone. Moreover, dofetilide sensitive
current exhibit distinct gating properties from either KCNQ1 or HERG. These
results demonstrate that co-expression of KCNQ1 and HERG yields current
with gating and pharmacological properties distinct from the two parent
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Plasma membrane (PM) phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is
required for KCNQ2/3 channel activity. To determine precursor sources of
the plasma membrane (PM) PI(4,5)P2 pool in tsA-201 cells, we monitored
KCNQ tail currents and YFP-PH(PLC-delta) translocation as real-time indica-
tors of PM PI(4,5)P2, and GFP-OSH1-PH as an indicator of Golgi PI(4)P. We
selectively depleted PI(4)P pools at the PM, or the Golgi, or both using
rapamycin-translocatable enzymes, pseudojanin, an engineered tandem 4-
and 5-phosphatase (SAC1 and INPP5E). Selectively depleting PI(4)P at the
PM with pseudojanin-SAC (PJ-SAC; only SAC1 is active) results in a second-
ary decrease of PI(4,5)P2 measured by KCNQ channels or by PH-PLC do-
mains. Compared to control pseudojanin (PJ), the decrease in current with
PJ-SAC is only partial (~60% vs ~95%) and slower (140-s vs 14-s). Likewise,
translocation of PH-PLC is slower (61-s vs 20-s) than with control PJ and
smaller (~60% that of PJ). Depleting PI(4)P at the Golgi with PJ-SAC also in-
duces a secondary decline of PM PI(4,5)P2 measured by KCNQ channels. The
decrease is partial (35%), smaller than with PJ at the PM, and slower (60 s).
Depleting PI(4)P simultaneously at the Golgi and PM with PJ-SAC recruited
to both membranes also induces a slow secondary decrease of PI(4,5)P2 mea-
sured by KCNQ channels (100-s, 75%). Recruiting the ER towards the Golgi
using rapamycin-induced dimerization, mimics the effects of depleting PI(4)
P at the Golgi. In conclusion, the PM pool of PI(4,5)P2 depends on precursor
pools of PI(4)P both in the PM and in the Golgi. The decrease in PM PI(4,5)
P2 when SAC1 is active at the Golgi suggests that the Golgi contribution is
on-going and does not wait until the PM is depleted. (NIH grants NS08174,
GM83913 and RR025429).
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Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is an important regulator
of activity of a variety of ion channels including inwardly rectifying potassium
channels, KCNQ, TRP, and voltage-gated calcium channels. Several groups
have provided evidence that also voltage-gated potassium (Kv) channels might
be regulated by PI(4,5)P2. Taking the wide expression of Kv channels in a va-
riety of different tissues into account, such regulation of activity by PI(4,5)P2
could potentially be of great physiological importance. To determine whether
several Kv channels show a regulation of their activity by PI(4,5)P2 we have
coexpressed them in tsA201-cells with either a voltage-gated lipid 5-phospha-
tase (VSP), a G-protein coupled receptor (M1R), or an engineered fusion pro-
tein carrying both a 4- and 5-lipid phosphatase activity (Pseudojanin, PJ). These
tools deplete PI(4,5)P2 with application of depolarization, muscarinic agonists,
or rapamycin, respectively. We monitored PI(4,5)P2 amounts at the plasma
membrane by FRET with PH-probes from PLCd1 simultaneously with
whole-cell patch-clamp recordings. Activating VSP or PJ inhibited KCNQ2/
3 channel current leaving only about 5-10 % remaining current. Activation
of M1R inhibited KCNQ2/3 current a comparable amount. Thus the tools
used for our assays are working. We tested with them for potential regulation
of activity by PI(4,5)P2 of Kv1.1/Kvb1.1, Kv1.3, Kv1.4 and Kv1.5/Kvb1.3,
Kv3.4, Kv4.2, Kv4.3 (both with different KChIPs and DPP6-s) and HERG/
KCNE2. Interestingly, we found a substantial upregulation of current density
and a removal of inactivation for Kv1.1/Kvb1.1 and Kv3.4 upon activation
of M1R, but no changes in activity upon only activating VSP or PJ. All other
channels tested showed no alteration in activity in any of the assays we used. In
conclusion, ‘‘physiological’’ depletion of PI(4,5)P2 at the plasma membrane
does not seem to influence activity of most tested Kv channels. Supported by
NIH grant NS08174 and the AvH Foundation.
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Phosphatidylinositol 4,5-bisphosphate (PIP2) is an important regulator of ion
channel activity. While PIP2 modulation of voltage-independent Kir channels
has been extensively studied, the mechanism of how PIP2 potentiates the activ-
ity of voltage-dependent ion channels remains uknown. In this work, we study
332a Monday, February 27, 2012PIP2 activation of a voltage-dependent potassium channel (Kv7.1). Kv7.1
channels have a canonical Kv structure with a central pore-gate domain
(PGD) surrounded by four peripheral voltage-sensing domains (VSDs). Kv
channel activation is thought to involve two general steps. First, membrane de-
polarization is sensed by gating charges in the VSDs resulting in conforma-
tional changes within the VSDs from the resting state to the activated state.
After all four VSDs have been activated, the second general step in Kv activa-
tion involves a concerted motion during which the PGD opens to allow ion per-
meation. In this study we ask if PIP2 regulates activation of Kv7.1 by
potentiating the early VSD conformational changes, the concerted opening of
the PGD, or both. Using the voltage-clamp fluorometry (VCF) technique to as-
say local conformation changes in the VSDs and the PGD simultaneously, we
are able to show that although depletion of PIP2 eliminates the ionic current,
the early conformational changes in the VSD do not require PIP2. This result
indicates that the later conformational changes that couple VSD activation to
the opening of the PGD are eliminated by PIP2 depletion. We continue this
work by dissecting the molecular details of why PIP2 is required for opening
of the PGD in response to VSD activation. These results may provide insights
on the common principle of how Kv channels are modulated by PIP2.
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In the heart, Iks current is a major contributor in limiting the duration of the
action potential. The Iks channel consists of four a-subunits (KCNQ1) which
assemble with b subunits (KCNE1). Mutations in either KCNQ1 or KCNE1
cause multiple cardiac arrhythmia syndromes such as LQT syndrome, short
QT syndrome and familial atrial fibrillation. Iks channels, characterized mainly
by its slow activation and deactivation kinetics and opening at depolarized volt-
ages, differ from those of functional tetrameric voltage-gated KCNQ1 channels
expressed alone: fast activating and deactivating kinetic and opening at less de-
polarized voltages. Understanding the channel structure-function relationship
represents a valuable tool in predicting not only cardiac arrhythmia risks, but
most importantly possible therapeutic solutions. We aim to unveil the molecu-
lar mechanism underlying channel opening in wild type (wt) KCNQ1 channel
and its interaction with KCNE1, as well as the molecular mechanism underly-
ing arrhythmia-inducing mutations. To date, two models have been proposed
for KCNQ1 channel activation: 1) a cooperative S4 movement, in which the
channel opening occurs after a coordinated S4 voltage-sensing domain move-
ment and 2) S4 moves independently to each other concomitantly rendering
a step-wise current activation. To test the validity of these models, we charac-
terize the electrophysiological properties of natural occurring LQT syndrome
mutations such as R231 in KCNQ1 channel using two electrode voltage clamp
(TEVC) and voltage clamp fluorescence (VCF) techniques. R231A mutation
has been shown to cause KCNQ1 channel constitutively activated, probably
by keeping S4 voltage-sensing domain locked in the activated state. We per-
formed TEVC and VCF measurements of tetrameric constructs of R231 com-
bined with wt KCNQ1 channel to determine whether the S4 voltage-sensing
domains in KCNQ1 move independently of each other. Our data will provide
insight into the mechanism by which KCNQ1 channel operates.
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Neuronal M-type K channels composed of KCNQ2 and KCNQ3 subunits reg-
ulate firing properties of neurons. Presynapticlly, KCNQ2 subunits were also
found to regulate neurotransmitter release by directly influencing presynaptic
function. Previously, we have showed the existence of constitutive interactions
between the cytosolic N and C termini of homomeric KCNQ2 or KCNQ3 chan-
nels in living cells, and demonstrated that a modulation of the N-C interactions
of KCNQ2, but not of KCNQ3, by two regulatory proteins, syntaxin 1A and
calmodulin, accompany a reduction in single-channel open probability, sug-
gesting that closer N-C termini proximity underlies gating downregulation.
Furthermore, in KCNQ3, identified N terminal and C terminal structural deter-
minants, employ the preclusion of the regulatory proteins effects on the N-C
rearrangement and gating regulation. This strongly suggested that N and C
structural determinants confer the isoform-specific gating downregulation. No-
tably, the N-C interactions of both subunits were found to consist of a basal in-
teraction, similar in both channels, and an additional interaction in KCNQ3
formed by an NT distal-end module. Here, we show that the basal N-C interac-tion is common to both KCNQ2 and KCNQ3 subunits and is essential for
proper channel gating of both types of channel. We demonstrate, using optical,
biochemical, electrophysiological and molecular biology analyses, that muta-
tions and truncations at specific locations at the N or C termini of the channels
abolish, partially or totally, the channels N-C interaction, as well as single-
channel gating. Further, we look into the involvement of calmodulin in the
basal N-C interactions.
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KCNQ1 (Kv7.1) is a unique member of the superfamily of voltage gated Kþ
channels in that it displays a remarkable range of gating behaviors tuned by
co-assembly with different b subunits of the KCNE family of proteins. Homo-
meric KCNQ1 channels activate quickly over a negative range of voltages;
KCNQ1/KCNE1 channels activate very slowly over a depolarized range of
voltages; and KCNQ1/KCNE3 channels are constitutively open. To better un-
derstand the basis for the biophysical diversity of co-assembled channels, we
here investigate the basis of KCNQ1 gating in the absence of b subunits using
voltage clamp fluorometry (VCF). Based on our previous work, the kinetics and
voltage dependence of voltage sensor movements are very similar to those of
the channel gate, suggesting a one-to-one relationship. Here, we have tested al-
terative hypotheses to explain KCNQ1 gating: 1) KCNQ1 voltage sensors un-
dergo a single concerted movement that leads to channel opening, or 2)
independent voltage sensor movements lead to channel opening before all volt-
age sensors have moved. We find that KCNQ1 voltage sensors move indepen-
dently, but that the channel can conduct before all voltage sensors move. In
some mutant KCNQ1 channels, transition to the open state occurs even in
the absence of voltage sensor movement. In these mutants, voltage sensors dis-
play more depolarized voltage dependence than the channel gate, implying that
voltage sensors move after the channel has opened. To interpret these results,
we propose an allosteric gating scheme wherein KCNQ1 is able to transition
to the open state after 0-4 voltage sensor movements, with each successive volt-
age sensor movement strengthening the opening transition. This model allows
for widely varying gating behavior depending on the relative strength of the
opening transition, which physiologically is controlled by co-assembly with
different KCNE family members.Channel Regulation & Modulation II
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In skeletal muscle the resting chloride conductance (gCl), sustained by the ClC-
1 chloride channel, controls membrane electrical stability as its absence causes
myotonia. The gCl is typically higher in fast-twitch than in slow-twitch muscle
and is negatively modulated by Protein Kinase C (PKC). Different PKC iso-
forms are expressed in skeletal muscle, including the PKC-theta. In PKC-
theta-null mice (Sun et al., Nature, 2000) we found a significant increase in
gCl of slow-twitch soleus muscle with respect to wild-type, being 1876553
mS/cm2 (n=41) and 1356537 mS/cm2 (n=19), respectively. A minor 13% in-
crease of gCl was found in the fast extensor digitorum longus (EDL) muscle.
Muscle excitability was reduced accordingly. Chelerythrine, a non-specific
PKC inhibitor, further increases gCl by 25% in transgenic soleus muscle show-
ing that other PKC isoforms are involved in the control of gCl. Preliminary ex-
periments suggest indeed an up-regulation of the PKC-alpha isoform in these
mice. Minor effect of chelerythrine was found in EDL of PKC-theta null
mice. Fluvastatin, known to activate PKC (Pierno et al., Br J Pharmacol,
2009) reduced gCl in EDL muscle more than in soleus muscle of transgenic
mice confirming that other PKC isoforms contribute to ClC-1 modulation.
No modification of ClC-1 expression was found in soleus and EDL muscle
of PKC-theta-null mice compared to wild-type. In these mice we also found
